Time lapse seismic has evolved as an important diagnostic tool in efficient reservoir characterization and monitoring. Time lapse seismic modeling is an important step in a closed loop history matching where we match flow response as well as time lapse seismic response. A typical step is modeling of seismic velocities using Gassmann's equation, which can provide information on variation of pore pressure and saturation inside the reservoir. Using the data of Norne field, we have made a rock physics model and shown how uncertainties in rock pore compressibility can cause pitfalls in modeling of seismic velocities and associated time lapse seismic signatures.
Introduction
Time lapse seismic data has begun to play an important role in reservoir characterization, management and monitoring. It can provide information on the dynamics of fluids in the reservoir based on the relation between variations of seismic signals and movement of hydrocarbons and changes in formation pressure. Movement of fluids and changes in pore pressure depends on the petrophysical properties of the reservoir rock. Thus reservoir monitoring by repeated seismic or time lapse surveys can help in reducing the uncertainties attached to reservoir models. Reservoir models, optimally constrained to seismic response as well as flow response can provide a better description of the reservoir and thus more reliable forecast. Huang et al., (1997 Huang et al., ( , 1998 formulated the simultaneous matching of production and seismic data as an optimization problem, with updating of model parameters such as porosity. Walker and Lane (2007) presented a case study that included time-lapse seismic data as a part of the production history matching process, and show how the use of seismic monitoring can improve reservoir prediction. A typical step in seismic history matching is to compute the effects of changes in saturation and pore pressure on the seismic velocities. Parameters that are updated during history matching include porosity, permeability, and lithology or facies. One of the rock parameters that is often taken to be constant is the rock pore compressibility with respect to pore pressure. The pore compressibility affects both the flow, and the seismic wave velocities. This paper explores the sensitivity of flow response and seismic velocity changes to variations in rock compressibility. What might be some of the pitfalls in time-lapse modeling that might result from ignoring uncertainty in pore compressibility?
Motivations are derived from our previous work on the synthetic Stanford VI data set (Suman and Mukerji, 2008) . We explored the sensitivity of seismic velocities to changes in pore compressibility and showed how two different sets of pore compressibility can cause pitfalls in modeling of seismic velocity changes caused by production related changes in pore pressure and saturation. In this paper we extended this idea to a real life field where pore compressibilities have been derived from well logs. We have used different pore compressibility for different zones. We start with the rock physics modeling of Norne field based on the well log data. We then present examples of sensitivity analyses on rock pore compressibility using flow simulation and velocity modeling based on the Norne field dataset.
Norne field
The Norne field is located in the blocks 6608/10 and 6508/10 on a horst block in the southern part of the Nordland II area in the Norwegian Sea. The horst block is approximately 9 km x 3 km. It has 29 producer and 10 injector wells. The rocks within the Norne reservoir are of Late Triassic to Middle Jurassic age. The present geological model consists of five reservoir zones. They are Garn, Not, Ile, Tofte and Tilje. The zonation is made to correspond as much as possible to the actual change of lithology in the layers of the reservoir. Hence, boundaries between zones are chosen at sequence boundaries and maximum flooding surfaces. Lithological boundaries and distinct breaks in porosity or permeability that correlate across the field can also be basis for the zonation. Oil is mainly found in the Ile and Tofte Formations, and gas in the Garn formation. The sandstones are buried at a depth of 2500-2700 m.The porosity is in the range of 25-30 % while permeability varies from 20 to 2500 mD (Steffensen and Karstad, 1995; Osdal et al., 2006) .
Available Data
Well log data is available for each of the well. Well logs of nine different wells have been considered for this study. These logs consist of porosity, volume of shale, saturations, sonic log and density. Well log data are analyzed for relationships among Vp, Vs, porosity, density and lithology. These relationships vary across different zones and therefore each geological setting is characterized individually. The reservoir model is represented in a 3D regular grid of 113344 cells (46 x 112 x 22) (122 m, 129 m, 8.5 m) Petrophysical properties available for this model are porosity, permeability and net to gross ratio.
Rock Physics Model
Rock physics modeling is used to determine the change in elastic properties of rocks due to variations in mineralogy, change in fluid type, variation in saturation and pore pressure and change in the reservoir effective stress. It can also be used to populate acoustic and elastic properties (V p and V s and density) inside the reservoir away from the well. The basis of our approach is to relate elastic moduli and porosity near the well (based on the well log data) and use this relation to populate away from the well. Dvorkin's unconsolidated sand model (Dvorkin et al., 1996) is used which relates the elastic moduli of high porosity sediments to porosity, mineralogy and effective pressure. Hertz-Mindlin contact theory is used to calculate the effective bulk and shear moduli of the rock frame at the critical porosity. Bulk and shear moduli of the rock frame having porosity below critical are calculated using the modified lower Hashin-Shtrikman bound. Using Hertz-Mindlin contact theory effective bulk moduli (K HM ) and effective shear moduli (G HM ) at critical porosity are calculated as follows:
Where C is the average number of contacts per grain, υ is the Poisson's ratio of the solid grain, G is the grain shear modulus and P is the hydrostatic pressure. These moduli at critical porosity are then used as inputs to compute the effective moduli at other porosities using a heuristic modified Hashin-Strikman lower bound as follows: Well log sonic data (both compressional and shear) and the density log can be used to extract the bulk and shear moduli of the rocks. These moduli correspond to different states of pore fluid saturation. In order to fit a rock model, all data have to be transformed to uniform reference saturation. Using Gassmann's equation all the moduli near the well is calculated for 100% brine saturation. Based on the moduli and porosity we come up with a rock physics model for elastic moduli versus porosity near the well. Once we have the model for near the well then based on the porosity values away from the well we calculate moduli for each of the zones. Finally we get distribution of V P and V S for the whole reservoir. In the next section we will talk about rock physics modeling of each of the zones.
GARN Formation
Figure 1: Bulk modulus-porosity model for Garn. Plot shows two depth trends (above and below 2600m). The colors on the scale bar represent the depth. Figure 1 shows a plot of bulk moduli and porosity for GARN formation. We observed two trends for data points, above and below 2600 m respectively. Blue line on the plots represents analytical bulk modulus-porosity model established based on the available data points. V s for each of the zones is calculated based on the relation between V P and V s , established using well log data. As can be seen from the above plots, careful division of each zone based on the major faults is important to get good rock physics models for elastic moduli versus porosity. The different fault blocks have presumably undergone slightly different amounts of geologic compaction and diagenetic processes, leading to subtle differences in the moduli-porosity trends.
TOFTE Formation

5.
Rock and Pore Compressibility
A nonporous elastic solid has a single compressibility
Where σ is the hydrostatic stress applied on the outer surface and V is the sample bulk volume. In contrast, compressibilities for porous media are more complicated. We have to account for at least two pressures (the external confining pressure, c σ and the internal pore pressure, p σ ) and two volumes (bulk volume, b V and pore volume, p υ ). Therefore, we can define at least four compressibilities. Following Zimmerman's (1991) notation, in which the first subscript indicates the volume change (b for bulk, p for pore) and the second subscript denotes the pressure that is varied (c for confining, p for pore), these compressibilities are
Note that the signs are chosen to ensure that the compressibilities are positive when tensional stress is taken to be positive. Thus, for instance, C bp is to be interpreted as the fractional change in the bulk volume with respect to change in the pore pressure while the confining pressure is held constant. These are the dry or drained bulk and pore compressibilities. The effective dry bulk modulus is K dry = 1/C bc , and is related to the seismic P-wave velocity by
where ρ is the dry bulk density. Dry rock velocities can be related to the saturated bulk rock velocity through the Gassmann equations (See figure 16) . The different compressibilities can be related to each other by elasticity theory using linear superposition and reciprocity. The compressibility C pp appears in the fluid flow equations through the storage term, and can be related to C bc (and hence to seismic velocity) by the equation
Where φ is the porosity and K 0 is the solid mineral bulk modulus. Pore compressibility for each of the zone is calculated based on the well log data and using the relation between C pp and C bc as described above. Figure 15 shows histograms of pore compressibility in each of the zones. The plots show that the pore compressibility can vary within formations by factors of 2 to 4 and by an order of magnitude across different formations. Yet, often in flow simulations (typically simulations that do not account for geomechanics) though porosity is taken to vary over every grid block, the corresponding rock pore compressibility is taken to be a constant. This is clearly an inconsistent model. Pore compressibility of the rock varies with porosity in each of the zones in Norne and shown in the figure 18, 19, 20 and 21. But is it important to take into account the variability in the pore compressibility? How does the variability in pore compressibility affect the computed saturations and pressures, and the computed time lapse changes in seismic signatures? 
Flow Simulation
To generate the 3D seismic data sets (V p and V s ) at different times during oil production, we performed a flow simulation starting from the initial condition of the reservoir. Flow simulation provided us the distribution of fluids and variation of pore pressure in the reservoir at any particular time and place after the start of production. In order to use Gassmann's equations correctly we need the saturations of each fluid (Oil, Water and Gas) at every point in space at different times. We have used an isothermal black-oil model and flow rates and controls are set up as observed in the field. 30 years of oil production have been simulated. The general trend in flow simulation is put one constant pore compressibility for whole reservoir except geomechanical studies. So it is difficult to assign pore compressibility for each cell of the reservoir in available flow simulators without considering geomechanics in to account. Thus, flow simulation is performed for four different cases to test sensitivity to variable Cpp. In the first case we have used constant pore compressibility for whole reservoir as used by original Norne field simulation model (shown in Table 1 ). Second case has different compressibility in each of the zone and it is equal to mean compressibility of the pore compressibility data observed in that zone. Third case has five percentile of pore compressibility data in each of the zone. Fourth case has ninty five percentile of pore compressibility data observed in that zone. PVT and capillary pressure data are taken from original Norne field simulation model. Production and Injection schedule are same as observed in the Norne field.
Cases Pore Compressibility
Case I Constant (whole reservoir)
Case II Mean
Case III Five percentile
Case IV Ninty five percentile 
Change in Saturation
Flow simulation provides us with the variation of saturation of fluids in the reservoir after the startup of production. As previously stated, seismic velocities are function of saturations of the different fluids in the reservoir. The distribution of fluid saturations in the reservoir is obtained for four different cases. These variations of saturations are responsible for change in the bulk density, effective bulk elastic moduli, and finally changes in the seismic velocities as shown below. 3-D time-lapse changes in seismic velocities are generated using initial seismic velocities, density and Gassmann's fluid substitution (Gassmann, 1951 ) .Gassmann's equation shown below is used to obtain the bulk modulus K 2 of the rock saturated with fluid 2, which is mixture of oil, water and gas in this case. 
and K 2 are the rock's bulk moduli with fluids 1 and 2 respectively, K fl1 and K fl2 are the bulk moduli of fluids 1 and 2, φ is the rock's porosity, and K min is the bulk modulus of the mineral. The shear modulus G 2 remains unchanged G 2 = G 1 at low frequencies appropriate for surface seismic data, since shear stress cannot be applied to fluids. The fluid bulk moduli are a function of the oil composition, pore pressure and temperature. The fluid moduli and densities are obtained from the usual Batzle-Wang (1992) relations. The density of the rock is also transformed and the density of the rock with the second fluid is computed as: ) ( 
Changes in Pore pressure
In addition to saturation changes, the elastic moduli of the porous rock frame and hence seismic velocities are affected by pore pressure changes as well. Flow simulation provides us the variation of pore pressure and saturations with respect to time after the startup of the production. Using a proper pore pressure model seismic velocities of dry rock are first corrected for changes in pore pressure. Now corrected seismic velocities of dry rocks are used to calculate the seismic velocities by fluid substitution using Gassmann's equation as stated above. The pore pressure effect on the dry rock frame in modeled using an analytical curve fit to an empirical relation derived from dry core data for unconsolidated sands (Zimmer et al., 2002) .
Results and Conclusions:
Figure 22: Changes in V P for Case II, III and IV after ten and twenty years
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t=10 yr t=20 yr Figure 22 shows changes in seismic velocities for a particular layer after ten and twenty years for second, third and fourth case (three cases of simulation run) considering only saturation changes. Here we did not consider effect of pore pressure changes on seismic velocities. From the figure we can infer that changes in seismic velocities for all three sets of pore compressibility are approximately same after ten and twenty years. This indicates that there is no significant change in time lapse seismic modeling for different pore compressibilities if we consider only saturation changes.
Next, we considered the effect of change of pore pressure on dry rock frame as well as change of saturation on modeling of seismic velocities. Figure 23 describes the criteria for comparison of the results in the above case. We compared change in seismic velocities for different case of flow simulation as stated above (different sets of pore compressibilities).
Figure 23: Plot defines criteria for comparison of results. We are comparing difference in change of seismic velocities for two different cases and at two different times Figure 24 and 25 show difference of change in seismic velocities for Case I and Case III (constant pore compressibility and five percentile pore compressibility) after ten and twenty years respectively. We observed a maximum difference of 27% for the two cases. We also observed spatial variation in seismic velocities for the above two cases. In time lapse seismic monitoring where changes in time lapse seismic with respect to time is observed, above difference (maximum 27%) is significant and can introduce errors in analysis. Similarly figure 26 and 27 show the difference in changes in seismic velocities for Case I and Case IV respectively. Here we observe a maximum change of 15 % and 10% after ten and twenty years respectively. Figure 28 shows the differences in change of seismic velocities for Case I and Case III (different sets of pore compressibility) at different locations in the reservoir. The red circles are drawn to indicate significant differences for the above two cases. These differences can introduce errors in our analysis during identification of spatial changes in the reservoir using time lapse seismic. Thus it is now clear that uncertainties in pore compressibility can introduce pitfalls in time lapse seismic modeling, specially for reservoirs with pressure-sensitive rocks. These pitfalls would be in both the magnitude of the time-lapse change, and perhaps more importantly, in the spatial patterns of the time lapse changes. It is also clear that using only one
pore compressibility for the whole reservoir is not the correct approach for time lapse seismic modeling. The main purpose of reservoir modeling is the best predictions. The general strategy in matching only flow response is to change porosity or permeability or whole reservoir model and not pore compressibility. More currently, in seismic history matching, we attempt to optimally constrain our reservoir models to flow response as well as seismic response for better predictions. The above results clearly indicate that while matching flow response as well as seismic response, uncertainties and spatial variability in pore compressibility can play an important role. One of the questions that can arise is that since there are so many uncertainties in reservoir properties, what is the point of introducing one more in pore compressibility? The answer is that although one may be able to reasonably match flow response as well as time-lapse seismic using a constant pore compressibility for the whole reservoir, it is clear from the examples shown, the predictions may not be accurate not only in terms of quantitative magnitudes but also in terms of qualitative spatial patterns. This is especially important because most often time-lapse seismic data is used qualitatively to asses spatial distributions of production induced changes. Thus uncertainties in pore compressibility can play an important role in optimization of reservoir models based on history matching specially in matching of flow response as well as seismic response. In future It will be interesting as well as challenging to assign pore compressibility for each of the cell in the reservoir. The effect of heterogeneous pore compressibility on flow response as well as seismic response is challenging and should be explored further.
